
ABSTRACT 

WOOD, JORDAN NICOLE. Analysis of the Use of Whole Blood in Fatty Acid and Metabolite 
Monitoring in African Savanna Elephants (Loxodonta africana) and Southern White 
Rhinoceroses (Ceratotherium simum simum). (Under the direction of Dr. Kimberly Ange-van 
Heugten and Dr. Vivek Fellner). 

Whole blood is a simple method of blood collection that requires only anti-coagulants to 

determine a number of clinical and nutritional biomarkers, including fatty acids and other 

metabolites. Nutritional and metabolic biomarkers are growing fields of study, including in non-

domestic species, to better understand how to care for animals in managed environments. Two 

species under great pressure in free-ranging habitats are African savanna elephants (Loxodonta 

africana) and southern white rhinoceroses (Certatotherium simum simum) and their zoological 

management is of concern. To collect and analyze fatty acids and other metabolites, whole blood 

is the preferred option for determing long-term fatty acid status and a well-rounded metabolome. 

Whole blood can be collected as a liquid, but dried blood spots (DBS) can also be used for 

determining fatty acid profiles. This project aimed to 1) validate the use of DBS in a non-human 

mammalian species for fatty acid profiling, 2) compare liquid whole blood, serum, and plasma to 

DBS samples from African savanna elephants, 3) compare DBS samples from southern white 

rhinoceroses stored at two temperatures for fatty acid field research applications, 4) determine 

the impact of dietary management on DBS fatty acid profiles in southern white rhinoceroses 

comparing two zoological institutions, and 5) to develop a proton NMR metabolome baseline for 

African savanna elephants on a characterized diet. Results from the first project showed that 

using pigs as a model for non-human mammals was successful in determining DBS samples 

were comparable to liquid whole blood. This study found only four of thirty quantified fatty 

acids that differed: behenic, nervonic, adrenic, and omega-3 docosapentaenoic acid, between 

these two sample types but were most likely attributed to analytical errors or contaminants. The 



second project determined that DBS samples were comparable to liquid whole blood, serum, and 

plasma in African savanna elephants and only myristic and pentadecaenoic acid differed in DBS 

samples out of thirty-six fatty acids. The third project compared storage temperatures for DBS 

samples from southern white rhinoceroses, and it was validated that -80℃ was the best 

temperature for one-year storage and frozen samples had higher values of arachidonic and 

omega-3 docosapentaenoic acid than room temperature samples. The fourth project compared 

DBS samples from southern white rhinoceroses housed at the North Carolina Zoo to those 

housed at Busch Gardens Tampa Bay and found that α-linolenic acid and total omega-3 fatty 

acids were higher in Busch Gardens Tampa Bay samples while linoleic acid, total omega-6 fatty 

acids, and the omega-6 to omega-3 ratio was higher in North Carolina Zoo samples. This data 

supports that location and diet can influence circulating fatty acids in southern white 

rhinoceroses. The final project utilized proton NMR to develop a metabolome baseline for 

African savanna elephants and identified 20 polar metabolites and 14 lipid fractions within 

whole blood samples. This whole project encompassed validating and determining new methods 

for whole blood analysis of fatty acids and metabolites for two African megaherbivore species, 

the African savanna elephant and southern white rhinoceros. These results provide initial data for 

whole blood as a valuable biomarker in threatened and endangered species with applications for 

more effective field research and clinical health monitoring. 



© Copyright 2022 by Jordan Nicole Wood 

All Rights Reserved



Analysis of the Use of Whole Blood in Fatty Acid and Metabolite Monitoring in 
African Savanna Elephants (Loxodonta africana) and Southern White  

Rhinoceroses (Ceratotherium simum simum). 

by 
Jordan Nicole Wood 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Doctor of Philosophy 

Animal Science and Poultry Science 

Raleigh, North Carolina 
2022 

APPROVED BY: 

___________________________ ____________________________ 
Dr. Kimberly Ange-van Heugten Dr. Vivek Fellner 
Committee Co-Chair     Committee Co-Chair 

___________________________ ____________________________ 
Dr. Michael K. Stoskopf Dr. Larry J. Minter 



 

ii 
 

DEDICATION 

I would like to dedicate this dissertation to my family and friends. The summer vacations spent on 

my grandparents’ farm in Wisconsin kindled my love of animals from as far back as I remember. 

Riding Sheik and Dusty, learning how to bottle feed calves, catching feral kittens, and even 

watching the local vet perform various tasks involving shoulder length palpation sleeves will 

always be some of my fondest childhood memories. My grandparents taught me the importance 

of hard work and have always encouraged me to pursue my passions. I love you guys!  

To my parents, you have never doubted my dreams and always pushed me to do my best in 

everything that I do. Whether I needed help, or I just needed to talk, you have always been there 

to support me. I know it wasn’t always easy when I would bring lizards in the house or show up 

at the door with a stray dog, but I will be forever grateful that you never tried to extinguish my 

love of animals and my desire to help critters of all shapes and sizes. Even with all the ups and 

downs, I am so grateful to call you Mom and Dad and I know how excited you are to call me 

“Dr. J” until the joke runs dry. I love you both. 

To my friends, Mell, Katie T., Shelby, and Katie R. I don’t know what I would have done 

without you all. Even when things were at their worst in any of our lives, I always knew I could 

count on any of you to listen and support me when I needed it. You all kept me sane during my 

most stressful periods and kept me laughing when things were darkest. I couldn’t ask for better 

friends and no matter the physical distance between us you will all always be like sisters to me. 

 
 
 
 
 
 
 
 



 

iii 
 

BIOGRAPHY 

Jordan was born in Rockford, Illinois but moved to Salt Lake City, Utah then 

Phoenix, Arizona before the age of three due to her father’s job. Since 1999, Jordan has lived 

in North Carolina starting in the suburbs of Charlotte before calling Raleigh her home. An 

academic at heart, Jordan always succeeded in school, she was placed in advanced learning 

classes in both elementary and middle school. Jordan was accepted into an early college high 

school program where she attended high school and college classes at South Piedmont 

Community College. At the end of this five-year program, Jordan graduated first in her class 

with her high school diploma, an Associate in Arts, and an Associate in Science. She was 

accepted at NC State University and began her university career in August 2013 with 73 

transfer credits, granting her junior status on her first day. 

Her grandparents owned a dairy farm in Mount Hope, Wisconsin and it was on this 

farm that Jordan developed her passion for animals from a young age. Since her childhood 

summers working with cattle and horses as well as taming feral barn cats on the farm, Jordan 

has focused her work and studies on companion and exotic animals. During her first year at 

NC State she was an intern for a local service dog training organization. She assisted in the 

care and training of two dogs, provided information at local dog events, and learned both 

basic and advanced dog training. Jordan was also a teaching assistant her second semester for 

Dr. Kimberly Ange-van Heugten in ANS 105 Introduction to Companion Animals. This was 

her first real taste of the field of academia and she fell in love. Her first summer was spent 

working at PetSmart where she gained additional hands-on husbandry knowledge while 

caring for a variety of reptiles, fish, birds, and small mammals. During her time at PetSmart 

Jordan also used her classroom knowledge to educate customers who came into purchase  



 

iv 
 

animals or seek guidance on how to care for their current companions. In the spring of 2015, 

Dr. Ange-van Heugten requested Jordan’s assistance with teaching ANS 400 Companion 

Animal Management. This provided Jordan with another teaching opportunity and contacts 

with multiple animal related businesses in the Raleigh area. It was through these connections 

and a recommendation letter from Dr. Ange-van Heugten, that earned her a Program Animal 

Internship at the North Carolina Museum of Natural Sciences. Here, Jordan cared for over 

200 native wildlife and exotic animals over the summer of 2015. After two and a half years, 

Jordan graduated from NC State with her Bachelor of Animal Science in December 2015. 

She immediately returned to NC State as a graduate student in January 2016 and began her 

research with African elephants at the North Carolina Zoo in February 2016. She graduated with 

her MS in Animal Science and Nutrition in 2018 and then began her PhD in Animal Science and 

Nutrition working with African elephants and southern white rhinoceroses. During her PhD she 

was an instructor of record for ANS 400 two semesters to hone her teaching skills.



 

v 
 

ACKNOWLEDGMENTS 

First, I would like to thank my advisor, Dr. Kimberly Ange-van Heugten for everything she has 

done for me throughout my time at NC State, it is hard to believe our first conversations were 

back in 2013. Besides taking me on as her first “official” graduate student, she has also opened 

many doors for me in the field of exotic nutrition and animal science in general. She has always 

understood and respected my goal to enter academia or the exotic animal nutrition industry and 

has gone above and beyond to provide me with as many opportunities as possible. I have joked 

for years that I want to follow in her footsteps and “live her life” minus the four kids and I hope I 

can make her proud one day. Thank you so much for everything Dr. A.  

Thank you Dr. Vivek Fellner for sparking my passion for animal nutrition back in ANS 230 and 

for always offering insight and encouragement when I visited your office. Dr. Larry J. Minter, 

thank you for your support and guidance throughout this project and the tireless work on 

manuscript edits and blood collections. The assistance of the entire veterinary staff at the NC 

Zoo was vital, thank you for all your hard work even during the COVID-19 pandemic. Thank 

you, Dr. Michael Stoskopf, for seeing potential in me and pushing me to continue to learn and 

make me a better researcher and scientific writer. I would also like to thank Mazuri® Exotic 

Animal Nutrition and Dr. Troy Tollefson for financial support of this project.



 

vi 
 

TABLE OF CONTENTS 

LIST OF TABLES ...................................................................................................................... viii 
LIST OF FIGURES ...................................................................................................................... ix  
Chapter 1: Introductory discussion on whole blood as a biomarker for African 
megaherbivores ............................................................................................................................ 1 
Body ............................................................................................................................................... 1 
References ...................................................................................................................................... 4 
  
Chapter 2: Investigation of dried blood spot cards for fatty acid analysis using porcine 
blood .............................................................................................................................................. 6 
Abstract .......................................................................................................................................... 7 
Introduction .................................................................................................................................... 7 
Materials and Methods ................................................................................................................... 8 
Results ............................................................................................................................................ 8 
Discussion ...................................................................................................................................... 8 
Conclusion ..................................................................................................................................... 9 
References .................................................................................................................................... 10 
 
Chapter 3: Comparison of African savanna elephant (Loxodonta africana) fatty acid 
profiles in whole blood, whole blood dried on blood spot cards, serum, and plasma ......... 11 
Abstract ........................................................................................................................................ 12 
Introduction .................................................................................................................................. 12 
Materials and Methods ................................................................................................................. 13 
 Animals and Diets ............................................................................................................ 13 
 Sample Collection and Analyses ..................................................................................... 14 
 Statistics ........................................................................................................................... 14 
Results .......................................................................................................................................... 14 
Discussion .................................................................................................................................... 16 
Conclusion ................................................................................................................................... 17 
References .................................................................................................................................... 18 
 
Chapter 4: Assessment of the effects of storage temperature on fatty acid analysis  
using dried blood spot cards from managed southern white rhinoceroses  
(Ceratotherium simum simum): Implications for field collection and nutritional care ........ 21 
Abstract ........................................................................................................................................ 22 
Introduction .................................................................................................................................. 23 
Materials and Methods ................................................................................................................. 25 
Results .......................................................................................................................................... 26 
Discussion .................................................................................................................................... 28 
Conclusion ................................................................................................................................... 31 
References .................................................................................................................................... 32 
 
Chapter 5: Implications of nutritional management on fatty acid profiles of  
southern white rhinoceroses (Ceratotherium simum simum) housed at two zoological 
institutions .................................................................................................................................. 36 



 

vii 
 

Abstract ........................................................................................................................................ 37 
Introduction .................................................................................................................................. 38 
Materials and Methods ................................................................................................................. 39 
 Animals, Sample Collection, and Analysis...................................................................... 30 
 Statistical Analysis ........................................................................................................... 41 
Results .......................................................................................................................................... 41 
Discussion .................................................................................................................................... 42 
Conclusion ................................................................................................................................... 46 
References .................................................................................................................................... 47 
 
Chapter 6: Baseline Metabolomic Characterization of Managed African savanna  
Elephant (Loxodonta africana) Whole Blood using H-NMR Spectroscopy .......................... 49 
Abstract ........................................................................................................................................ 50 
Introduction .................................................................................................................................. 50 
Results .......................................................................................................................................... 51 
Discussion .................................................................................................................................... 57 
Materials and Methods ................................................................................................................. 58 
 Animals and sample collection ........................................................................................ 58 
 Sample preparation .......................................................................................................... 59 
 NMR data collection ........................................................................................................ 59 
 Data analysis .................................................................................................................... 60 
References .................................................................................................................................... 61 
 
Appendices .................................................................................................................................. 64 
Appendix A .................................................................................................................................. 65 
 
 



 

viii 
 

LIST OF TABLES 

Chapter 2 
 
Table 1 Fatty acid (% of total fat) profile of liquid whole blood (WB) (n = 5)  
 and dried blood spots (DBS) (n = 5) of 5 pigs with a Mann-Whitney  
 U-Test of WB to DBS samples .................................................................................. 9 
 
Chapter 3 
 
Table 1 Fatty acid (%) profile averages and standard deviations (SD) of dry  
 blood spot cards (DBS) (n = 6), whole blood (n = 6), plasma (n = 6),  
 and serum (n = 6) samples from managed African savanna elephants  
 (Loxodonta africana) ................................................................................................ 15 
 
Chapter 4 
 
Table 1 Fatty acid (%) profile ranges, averages, and standard deviations (SD) of  
 initial (n = 7), room temperature stored (n = 7), and -80℃ stored (n = 7)  
 dried blood spot samples from managed southern white rhinoceroses  
 (Ceratotherium simum simum) with a Kruskal-Wallis H-Test and pairwise 

comparisons .............................................................................................................. 27 
 
Chapter 5 
 
Table 1 Fatty acid (%) profile averages and standard deviations (SD) of NC Zoo dry  
 blood spot (DBS) samples (n = 6) and Busch Gardens Tampa DBS samples  
 (n = 5) from managed southern white rhinoceroses (Ceratotherium simum  
 simum) during both low and high pasture growth periods with a Mann- 
 Whitney U-Test pairwise comparisons .................................................................... 39 
 
Chapter 6 
 
Table 1 Polar metabolites identified in the whole blood of African savanna elephants 

(Loxodonta africana) housed at the North Carolina Zoo in Asheboro, North 
Carolina, USA and their respective chemical shifts (ppm = Hz/MHz). ................... 52 

Table 2 Non-polar lipid metabolite fractions identified in the whole blood of African  
 savanna elephants (Loxodonta africana) housed at the North Carolina Zoo in 

Asheboro, North Carolina, USA and their respective chemical shifts (ppm = 
Hz/MHz). .................................................................................................................. 55 

Table 3 Browse species most frequently fed to six NC Zoo African elephants  
 (Loxodonta africana) and relative frequency of feeding .......................................... 58 



 

ix 
 

LIST OF FIGURES 

Chapter 6 
 
Figure 1 Representative 1-D 600 MHz proton NMR spectra of the polar extract from  
 African savanna elephant (Loxodonta africana) whole blood. ................................ 52 
 
Figure 2 2-D TOCSY proton NMR spectra of the polar extract from African savanna  
 elephant (Loxodonta africana) whole blood. ........................................................... 54 
 
Figure 3 1-D 600 MHz proton NMR spectra of non-polar extract from African savanna 

elephant (Loxodonta africana) whole blood. ............................................................ 56 
 
 

  



   

1 
 

CHAPTER 1. Introduction to whole blood as a health biomarker for African 
megaherbivores. 

 
  Whole blood is a simple method of blood collection that requires only anti-coagulants 
rather than centrifugation like serum and plasma. Whole blood can be used to determine a 
number of clinical and nutritional biomarkers, including fatty acids and other metabolites. 
Nutritional and metabolic biomarkers are growing fields of study, including in non-domestic 
species, to better understand how to care for animals in managed environments (Niemuth et al., 
2020, Wood et al., 2020). Previous studies included analyzing serum for fatty acids in managed 
African savanna elephants (Loxodonta africana) over one year after a dietary shift (Wood et al., 
2020). Results of this work found intriguing circulating values in this species with potential 
connections to general health and reproductive management of African savanna elephants. This 
initial study led to a continued interest in how fatty acids could be analyzed and monitored in 
African megaherbivores. Additionally, the clinical impact of metabolomics for African savanna 
elephants was of interest as no current data is available for this species. 
 Owing to the current gaps in knowledge on African megaherbivores and their fatty acid 
and metabolite status the five primary objectives of this research were: 1) To validate the use of 
dried whole blood spots in a model mammalian species to determine if it was feasible to use in 
African megaherbivores. 2) To compare fatty acid profiles of traditional liquid blood samples 
(whole blood, serum, and plasma) and dried whole blood spots in African savanna elephants. 3) 
To determine the storage limits of dried whole blood of southern white rhinoceros 
(Ceratotherium simum simum) in two temperature environments for fatty acid analysis. 4) To 
determine how dietary management impacted fatty acid profiles in southern white rhinoceroses 
housed at two different zoological institutions. 5) To develop a novel proton NMR baseline of 
whole blood metabolites for African savanna elephants. 

Fatty acids are critical for immune, cardiovascular, and reproductive functionality and 
health in animals and directly influences cell membrane structure and integrity (Fritsche, 2006, 
Mozafarian and Wu, 2001, Saker et al., 1998). Often, fatty acid analysis is performed using 
serum or plasma, which can be good for short-term (days to months) fatty acid status, but whole 
blood can provide more evidence into the long-term status (Baylin et al., 2005, Risé, 2007). 
While researching the topic of fatty acid monitoring, the use of dried blood spot (DBS) cards for 
fatty acid analysis became a focal point (Armstrong et al., 2008, Freeman, 2018). These cards are 
made of specialized filter paper that one to four drops of whole blood can be collected on and 
dried. From these dried blood spots, many biochemical markers, metabolites, and nutrients can 
be analyzed, including fatty acid profiles (Freeman, 2018). For the purposes of wildlife and field 
research, DBS is extremely helpful as it requires little blood, does not require additional sample 
processing, and is easier to store and transport (Freeman, 2018, Davin and Hannon, 2014). While 
more extensively used in humans for fatty acid analysis, there have been some studies to use 
DBS cards in less well understood wildlife species in recent years (Dass et al., 2020, Koutsos et 
al., 2021).  

To further the limited knowledge in megaherbivores, the original scope of this research 
was to collect whole blood DBS samples from African savanna elephants and southern white 
rhinoceroses from managed (North Carolina) populations to perform initial DBS validation 
studies. A hopeful component of this research included collecting samples from free-ranging 
(South Africa) animals as well for further comparisons. Unfortunately, import permit delays and 
travel restrictions due to the COVID-19 pandemic halted this international work. 
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Upon further research of DBS cards and their capabilities, it was found that there was 
little data available in non-human species with direct whole blood comparisons, no studies that 
compared DBS to all traditional blood collection (liquid whole blood, serum, or plasma) in non-
human species, and there were discrepancies in preferred storage methods of DBS cards. To have 
a controlled comparison in non-human mammals, samples from domestic pigs were collected to 
compare DBS cards to liquid whole blood (Chapter 2). After it was determined that DBS 
samples and liquid whole blood were comparable in a non-human model species, it was 
determined that DBS samples from mammalian zoo and wildlife species would be feasible. The 
samples collected from the North Carolina Zoo included DBS cards, whole blood, serum, and 
plasma from their six African savanna elephants and DBS samples from their seven southern 
white rhinoceroses. The samples collected from the African savanna elephants were compared to 
determine how DBS compared to traditional blood collections in an exotic species as many 
previous studies with elephants have small sample sizes and collect only serum or plasma 
(McCullagh, 1973, Moore and Sikes, 1967, Wood et al., 2020) (Chapter 3).  
From there, the original idea for field research capabilities was still present but the concerns 
about storage capabilities was very important for these African species. With the high heat index 
in South Africa coupled with long distances from field collection locations to laboratories, it is 
important to consider if blood samples will remain stable and for how long. In order to determine 
the best storage method and how long fatty acids are stable on DBS cards we had DBS samples 
collected from the seven southern white rhinoceroses at the North Carolina Zoo. One set of 
samples were sent for immediate analysis, one set were kept at room temperature for one year, 
and the last set was kept at -80℃ for one year. Comparisons on storage type was then completed 
to determine which storage method was best for long term storage (Chapter 4). 

Fatty acids are known to be easily influenced by diet in managed animals (Clauss et al., 
2003, Clauss et al., 2008, Dierenfeld, 2007). When the opportunity to collect additional DBS 
samples from Busch Gardens Tampa Bay and their five southern white rhinoceroses it was taken 
as these animals are fed differently from the North Carolina Zoo rhinoceroses. A diet and 
location dependent analysis could then be conducted on these two populations to better 
understand how fatty acids can differ within managed populations housed at different institutions 
(Chapter 5). 

The final component to this project was an interest in building a baseline for nuclear 
magnetic resonance (NMR) metabolomics in African savanna elephants. The use of whole blood 
for metabolomics is very common due to its clinical applications and NMR is a popular method 
of analysis (Beckonert et al., 2007, Nagana Gowda and Raftery, 2013). NMR offers the 
opportunity to both identify and quantify the metabolites present in whole blood samples. As 
previously mentioned, this has not been done before thus all spectra and identified metabolites 
would be novel data for this species. While there was interest in performing this work with DBS 
samples, initial testing found difficulties with sample elution, and it was determined that the 
better course of action was to begin with liquid whole blood. By switching to liquid whole blood, 
a traditional and well understood NMR baseline could be achieved for African savanna elephants 
(Chapter 6). Later work could continue to build on this NMR database for this species and the 
potential to compare to DBS metabolomics is still available for future researchers. 

The overall goal of this project is to better understand what whole blood can be used for 
in exotic species with a specific focus on DBS technology, fatty acids, and metabolomics. 
Results from this project found DBS samples were comparable in both domestic and non-
domestic mammals and can be utilized for wildlife fatty acid research. Comparisons of storage 
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methods for southern white rhinoceros DBS samples concluded that samples stored at room 
temperature had higher levels of fatty acid degradation compared to samples sent for analysis 
immediately and those stored at -80℃. Dietary management of southern white rhinoceroses did 
influence differences in DBS fatty acid profiles, but further research is necessary to determine 
direct correlations between fatty acids and dietary components. Lastly, proton-NMR analysis of 
African savanna elephant whole blood was validated and baseline spectra and identified 
metabolites have been determined with the intention of continued research. 
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Article 

Baseline metabolomic characterization of managed 
African savanna elephant (Loxodonta africana) whole 
blood using H-NMR spectroscopy 
Jordan Wood1,2, David R. Morgan2, Kimberly Ange-van Heugten1,2, Maria Serrano2,3, Larry J. Minter2,3,4, 
Vivek Fellner1 and Michael K. Stoskopf2,3* 

1 Department of Animal Science, North Carolina State University, Raleigh, NC, USA, 
kdange@ncsu.edu (K.A.H.); vivek_fellner@ncsu.edu (V.F.) 
2 Environmental Medicine Consortium, North Carolina State University, Raleigh, NC, USA; 
jnwood@ncsu.edu (J.W.); drmorgan@mail.com (D.M.); meserran@ncsu.edu (M.S.); 
mkstosko@ncsu.edu (M.K.S.) 
3 Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 
University, 1060 William Moore Dr, Raleigh, NC 27607, USA  
4 North Carolina Zoo, 4401 Zoo Pkwy, Asheboro, NC, USA, jb.minter@nczoo.org (J.B.M.); 
* Correspondence: mkstosko@ncsu.edu (M.K.S.) 

Abstract: We used nuclear magnetic spectroscopy (NMR) to establish baseline 
metabolomics of heparinized whole blood drawn from 6 African savanna elephants 
(Loxodonta africana) maintained on a well characterized diet. Whole blood samples 
obtained under behavioral restraint, then quickly frozen in liquid nitrogen, were 
stored at -80°C until analysis. Frozen samples were thawed under controlled 
conditions and extracted with methanol and chloroform to separate polar and non-
polar metabolites. We identified 18 polar metabolites and 14 non-polar lipids using 
one-dimensional (1D) and two-dimensional (2D) NMR spectra. Despite unexpected 
partial clotting of the thawed frozen samples, spectra were consistent among animals 
and did not vary appreciably with age or sex of the animal. 

Keywords: proton-NMR; metabolomics; African elephant 
 

1. Introduction 
Basic challenges for the conservation of the seasonally migratory African 

savanna elephants (Loxodonta africana) have been long identified [1]. 
Considerable research into the ecology and behavior of these charismatic 
mega vertebrates have documented many concerns for the long-term 
preservation of the species. Political fragmentation of habitats, particularly in 
elephant migratory routes, fencing, and a variety of deleterious human-
elephant interactions contribute to concerns about a bleak future for the 
species sometimes referred to as an ecosystem engineer [2-8]. 

Physiologic studies of the remarkably adaptive African elephant have 
been more limited than ecological studies. Studies have focused on fecal 
glucocorticoids and salivary progesterone metabolites for tracking stress 
responses and ovarian cycles useful for understanding reproductive 
efficiency [9-13]. These studies are generally conducted on captive or semi-
captive animals. Studies of free ranging African elephant physiology have 
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largely been limited to routine serum enzyme and electrolyte concentrations 
[14] and studies of concentrations of immune system biomarkers [15]. 
Relatively little has been done to evaluate elephant metabolism using the 
emerging field of metabolomics. 

Metabolomic studies quantify the small molecule content of a sample 
providing a much more dynamic evaluation of metabolism than routine 
clinical chemistries. These studies can be conducted using different analytical 
modalities, but nuclear magnetic resonance spectroscopy (NMR) provides 
better quantitative information on metabolite concentrations [16]. Studies of 
humans and domestic species have demonstrated quantitative metabolomics 
can offer useful information on health [17-24]. The use of NMR metabolomics 
for health applications is still novel and the establishment of techniques and 
baseline information is needed to support more complex evaluations of 
wildlife health.  

Relatively recent advances in metabolomics methods have allowed the 
evaluation of whole blood as a representative sample [22]. Whole blood offers 
the advantage of simpler sample handling at collection making more rapid 
quenching of metabolic activity possible. It also offers the advantage of 
including intracellular metabolite data into the assessment [16].  

Baseline data on animals maintained in known environments and diets 
facilitates interpretation of more advanced studies exploring the physiologic 
impacts of environmental stressors or disease. In this study, whole blood 
from African savanna elephants fed a well characterized diet was used to 
determine a baseline metabolome by NMR. 

2. Results 
Despite using lithium heparin as an anticoagulant, all six samples 

demonstrated small clots when thawed for preparation and extraction. This 
was most dramatic in the sample from the oldest male (46 years) requiring 
the use of 100 uL less blood in the processing of the sample. Spectral data was 
similar for all animals, with consistent chemical shifts for all identified peaks 
and metabolites in the polar samples.  Differences in concentrations of 
metabolites were minor and within the range of variation expected with 
small variations in time of day of sampling. No differences attributable to sex 
or age were seen in polar samples. Nineteen metabolites were identified in 
1D spectra and verified with 2D spectra in the polar samples (Table 1 and 
Figures 1 and 2). Some peaks were too small or overlapped to be clearly 
identified and verified using 1D and 2D spectra, but peaks could be 
correlated using COSY, TOCSY, HMBC, and HSQC (Table 1).  

Non-polar samples were also consistent for all elephants except for that 
from the youngest animal (elephant 1772). This sample was not used in the 
evaluation of the non-polar samples. Non-polar fractions are listed in Table 2 
and represented by Figure 3. 
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Figure 1. Representative 1-D 600 MHz proton NMR spectra of the polar extract of whole blood 
from an 18-year-old female African savanna elephant (Loxodonta africana). The labeled peaks 
are as follows: (1) isoleucine, (2) valine, (3) alanine, (4) leucine, (5) lysine, (6) glycine, (7) 
tyrosine, (8a) α-glucose, (8b) β-glucose, (9) creatine, (10) creatinine, (11) adenosine 
triphosphate, (12) acetate, (13) citrate, (14) urea, (15) benzoate, (16) formate, (17) lactate, (18) 
succinate, (19) methanol. 

 

 

Table 1. Polar metabolites identified in the whole blood of African savanna 
elephants (Loxodonta africana) housed at the North Carolina Zoo in Asheboro, 
North Carolina, USA and their respective chemical shifts (ppm = Hz/MHz). 

 
Label on Figure 1 Metabolite 1H Chemical Shifts (ppm) 
Amino acids  

1 Isoleucine 0.95 (t), 1.01 (d), 1.46 (u), 1.95 (u), 3.68 (u) 
2 Valine 0.99 (d), 1.05 (d), 2.27 (u), 3.61 (d) 
3 Alanine 1.47 (d, u), 3.79 (u) 
4 Leucine 0.96 (d), 1.71 (s), 3.74 (u) 
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5 Lysine 1.45 (u), 1.50 (u), 1,72 (u), 1.93 (u), 3.03 (u), 3.73 
(u) 

6 Glycine 3.56 (s) 
7 Tyrosine 6.90 (d), 7.20 (t, d) 
Energy Compounds  

8α α-glucose 3.70 (s), 3.71 (s), 3.73 (s), 3.74 (s), 3.75 (s), 3.78 
(u), 3.82 (d), 3.84 (s), 3.89 (d), 5.24 (d) 

8β β-glucose 
3.24 (s), 3.25 (s), 3.27 (s), 3.42 (m), 3.47 (m), 
3.48 (s), 3.50 (s), 3.51 (s), 3.54 (dd), 3.85 (s), 3.86 
(d), 3.91 (d), 4.65 (d) 

9 Creatine 3.02 (s), 3.93 (s) 
10 Creatinine 3.03 (s), 4.06 (s) 
11 Adenosine triphosphate 4.02 (dd), 4.37 (u), 4.51 (dd), 6.15 (d, d, u), 8.27 

(s), 8.61 (s) 
Organic acids  

12 Acetate 1.92 (s) 
13 Citrate 2.55 (d), 2.66 (d) 
14 Urea 5.79 (broad) 
15 Benzoate 7.56 (t), 7.64 (t), 7.85 (d) 
16 Formate 8.46 (s) 
17 Lactate 1.33 (d), 4.12 (q) 
18 Succinate 2.38 (s) 
Other  

19 Methanol (residual) 3.36 (s) 
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Figure 2. 2-D TOCSY proton NMR spectra of the polar extract of whole blood from an 18-year-old female 
African savanna elephant (Loxodonta africana). The labeled peaks are as follows: 1) Valine, 2) Lactate, 3) 
Leucine, 4) Adenosine triphosphate (ATP). 
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Table 2. Non-polar lipid metabolite fractions identified in the whole blood of African 
savanna elephants (Loxodonta africana) housed at the North Carolina Zoo in 
Asheboro, North Carolina, USA and their respective chemical shifts (ppm = 
Hz/MHz). 

 

Label on Figure 
3 Lipid metabolite fraction 

1
H Chemical 

Shifts (ppm) 
1 cholesterol -CH3 C18 0.68 
2 -CH3 (saturates, monosaturates w-9 and / or w-7, unsaturates w-6 

acyl groups) 0.86 - 0.92 
3 C19 -CH3 in free cholesterol 1.00 - 1.02 
4 -(CH2)n fatty acyl group 1.23 - 1.36 
5 -CO-CH2CH2 in fatty acyl chain 1.61 

6 
-CH2-CH=CH- (acyl group except for -CH2- of doxosahexaenoic 
acid (DHA) in β position related to carbonyl group) 
-CH2HC= in fatty acid acyl chain: 18:1, 18:2/20:4 

1.94 - 2.13 

7 -OCO-CH2- (acyl group except for DHA acyl group) 
-CO-CH2- in fatty acyl chain 2.20 - 2.35 

8 -CHCH2CH= in fatty acyl chain: 18:2, 20:4/22:6 2.75 - 2.86 
9 -N(CH3)3 (phosphatidylcholine) 3.35 
10 >C1H2/C2H2 in glycerol backbone of triglyceride (TG) and 

phospholipids (PL) 4.12 - 4.17 
11 >C1H2/C3H2 in glycerol backbone of TG 4.27 - 4.31 
12 -3CH esterified cholesterol 4.58 - 4.65 

13 -CHOCOR (glycerol group) 
-C2H in glycerol backbone of PL and TG 5.19 - 5.2 

14 -CH=CH- in fatty acyl chain 5.25 - 5.43 
 

1 1.310, 1.6253, 1.84, and 2.30, and 3.52 ppm are connected according to TOCSY spectrum; 
most likely associated with a fatty acyl chain 
2 Multiplet at 5.26 ppm correlates with sharp peaks at 4.29 and 4.15 on COSY and TOCSY 
spectra and is predicted to be the second glycerol carbon of a TG; broad peak at 5.21 
correlates with a doublet at 4.41, a broad peak at 4.12, and a broad peak at 3.97 according to 
the TOCSY spectra and is predicted to be the second glycerol carbon of a PL. 
3 Broad, overlapping multiplet at 5.35 ppm is from several double bonds on different 
molecules on long chains; correlations were found on COSY, TOCSY, HMBC, and HSQC 
spectra; COSY and TOCSY were correlated with peaks at 2.81 and 2.0 – the 2.0 correlation is 
associated with protons on the carbon adjacent to the double bond and the 2.81 is associated 
with protons on a carbon between two double bonds 
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Figure 3. 1-D 600 MHz proton NMR spectrum of non-polar extract of whole blood from a 
47-year-old male African savanna elephant (Loxodonta africana). The labeled peaks are as 
follows: (1) cholesterol methyl of C18, (2) methyls of saturated and monosaturated omega-
9 and or omega-7 chains and unsaturated omega-6 acyl groups, (3) C19 methyl of free 
cholesterol, (4)  CH2 in fatty acyl groups, (5) CO-CH2-CH2 in fatty acyl chain, (6) double 
bonds in fatty acyl chains except for DHA acyl groups, (7) ethylene methyl in fatty acyl 
chain except for DHA acyl group, (8) double bonds in fatty acyl chain of 18:2, 20:4, and 22:6, 
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(9) phosphatidylcholine, (10) carbon 1 and 2 in glycerol backbone of triglycerides and 
phospholipids, (11) carbon 1 and carbon 3 in glycerol backbone of triglycerides, (12) 
esterified cholesterol, (13) glycerol groups in the backbone of triglycerides and 
phospholipids, (14) double bonds in fatty acyl chains. 

 

3. Discussion 
The use of 1D and 2D 1H NMR methods allowed identification of 18 

metabolites in the aqueous fractions, and 14 metabolites in the lipophilic 
fractions of the blood of the elephants in our study. The lipophilic fraction is 
frequently not described in 1H NMR studies of animals. Despite the 
challenges of identifying specific metabolites in lipophilic fractions using 1H 
NMR, this information can provide valuable insights into the metabolism of 
species being studied.  

An unexpected challenge to this study was the discovery of small clots 
present in the thawed samples despite the addition of anticoagulant prior to 
rapid freezing. This has not been a problem in work with similarly treated 
blood samples of other species examined in our lab and is not usual in 
elephant blood samples treated similarly when drawn for routine 
hematology and serum chemistry panels. Early studies of blood coagulation 
of Asian elephants (Elephas maximus) describe elephant blood as clotting 
quickly and determined the presence of higher concentrations of clotting 
factors and faster partial thromboplastin times than found in human blood 
(25), but later work, also looking at Asian elephants found plasma levels of 
specific coagulation factors to be like those in human plasma with the 
exception of FVIII:C which was elevated (26). The activated partial 
thromboplastin time found in those studies was three-fold those found in the 
earlier study and longer than found for human reference plasma, which is 
not the expected situation for rapid clot formation. The most likely 
explanation for the post thaw partial clots may be the rapid transfer of blood 
samples into liquid nitrogen. Other blood samples collected from the 
elephants the same day at the same time using the same anticoagulant treated 
vials did not clot. Waiting 10 minutes before plunging the samples into liquid 
nitrogen would not appreciably change the metabolite concentrations in the 
sample and could have prevented the clotting (27). When clots were observed 
in the laboratory, considering the objective of the study, it would have been 
better to sonicate or otherwise homogenize the apparent clots with a 
stomacher as is done to prepare solid tissues for extraction.   The spectra 
obtained were very consistent across samples, but a portion of intracellular 
metabolites may have been sequestered in the partial clots. The observed 
clots were much smaller than the expected packed cell volume of the blood 
drawn from the elephants, and varied between elephants, suggesting 
erythrocytes and leukocytes may have ruptured in the freeze/thaw process, 
reducing the impact of clot formation on metabolite concentrations in the 
liquid portion of the sample. It is also possible that the concentrations of the 
metabolites we detected did not vary a great deal between intracellular and 
extracellular compartments.  

One non-polar sample apparently contaminated with water and 
methanol was removed from the study due to an abundance of caution. The 
spectrum was otherwise not dissimilar to those of the other 5 animals. We 
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attribute the contamination to a possible pipetting error or failure to complete 
the drying step prior to reconstitution of the sample for placement in the 
magnet. 

The uniformity of metabolite concentrations was exceptional in this 
study. This is likely due to the advantage of the elephants all being 
maintained on the same carefully managed diet (see materials and methods), 
and the drawing of blood samples within a narrow time of day window 
without the need for restraint. The study provides a strong baseline for 
expected metabolites in healthy elephants and demonstrates that no large 
differences should be expected due to age or sex of the animal. This suggests 
that perturbations in the metabolome of elephants may be valuable markers 
for environmental distress, social and other stressors, in addition to various 
forms of disease that would be expected to impact the metabolome.  

4. Materials and Methods 
4.1. Animals and sample collection 

Six healthy African elephants (2 males, 4 females) ranging from 18 to 46 
years of age were involved in this study with the approval of the North 
Carolina (NC) Zoo Research Committee. Basic health parameters 
(hematology and serum chemistry are maintained for these animals in the 
Species360 Zoological Information Management System 
(ZIMS.species360.org).  These animals were maintained on a daily diet that 
included an estimated 27-59 kg exhibit pasture (fescue grass (Festuca 
arundinacea), annual ryegrass (Lolium multiflorum), and Bermuda grass 
(Cynodon dactylon) some white clover (Trifolium repens)) during the day, an 
average of 11 kg of various browse plant species overnight, 6 kg produce 
enrichment items, 132-155 kg timothy hay (Pheleum pratense), and 3-4 kg of 
Mazuri® Hay Enhancer™ for females and males respectively (28). The analysis 
of the diet of these animals including various browse species fed, are more 
fully reported in Wood et al. (28). Table 3 lists the most commonly provided 
species of browse and percentage of the time they are presented over a year’s 
duration. 

 

 

Table 3. Browse species most frequently fed to six North Carolina Zoo African elephants. 

(Loxodonta africana) and relative frequency of feeding over one year.1 

Browse Species 
Relative frequency fed 

(per 100 feedings) 
Sweet Gum (Liquidambar styractiflua) 100 

Wax Myrtle (Morella cerifera) 83 
Mixed sp. Bamboo (Phyllostachys sp.) 81 
Tulip Poplar (Linodendron tulipifera) 72 

Thorny Elaegnus (Elaeagnus pungens) 70 
Arundo (Arundo donax) 50 

Willow Oak (Quercus phellos) 46 
Pine (Pinus sp.) 41 
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Russian Olive (Eleagnus angustifolia) 36 
Mimosa (Albizia julibrissin) 33 

Dogwood (Corus florida) 26 
Sugar Maple (Acer saccharum) 25 

Contorted Mulberry (Morus bornbycis) 23 
Pignut Hickory (Carya glabra) 20 

Grapevine (Vitis sp.) 20 
Chestnut Oak (Quercus montana) 18 

1 Data extracted from Wood et al 2020. 

 
Blood samples were collected from a posterior auricular vein using a 21-

gauge butterfly catheter and lithium heparin coated tubes (BD Vacutainer® 
Becton, Dickinson and Company, Franklin Lakes, NJ) followed by aliquoting 
into 1 mL cryovials (Thermo Scientific™ Nalgene™ General Long-term Storage 
Cryogenic Tubes; Thermo Fisher Scientific, Hampton, NH) and immediate 
quenching with liquid nitrogen in August of 2020. Samples were stored at -
80 °C at the NC Zoo Veterinary Hospital until transport on dry ice to the NC 
State University Center for Marine Sciences and Technology (CMAST) for 
further storage at -80? until analysis.  

4.2. Sample preparation 
Whole blood samples frozen at -80 °C were thawed on ice. Despite the 

use of lithium heparin, blood clotting was present in all six samples. 800 uL 
of the unclotted blood was combined stepwise with methanol and 
chloroform in a 1:2:2 ratio vortexing for 30 seconds between additions. One 
sample (male, 46 years) had greater clotting than the rest of the elephants and 
only 700 uL of blood could be used. After sonication at 4 °C for 2 minutes, 
samples were incubated for 20 minutes at -20 °C in a traditional freezer. Then 
samples were sealed with parafilm and centrifuged at 4? and 1000 rcf for 30 
minutes to separate the samples into polar and non-polar fractions. Several 
samples were re-centrifuged at 1500 rcf to achieve better separation of phases.  
Both phases of all samples were individually dried by rapid evaporation with 
nitrogen in a 25 °C water bath. Non-polar samples were dry within 30 
minutes. Polar samples required 4–6 hours to dry. Dried polar samples were 
reconstituted in 500 μL of 7.4 pH phosphate buffer and 200 μL of D2O 
containing 0.05% TSP (chemical shift standard) and transferred to 5 mm 
NMR tubes for NMR analysis. Non-polar samples were reconstituted with 
700 uL of CDCl3 with TSP then transferred to 5 mm NMR tubes for analysis. 

4.3. NMR data collection 
A Varian Inova 600 MHz 2 channel spectrometer with variable 

temperature unit was used in conjunction with a Varian 2-channel inverse 
detection probe with z-gradients and variable temperature capacity to collect 
NMR data.  We collected 1-D spectra and COSY and TOCSY data with the 
proton channel and the HSQC and HMBC used 1H and 13C channels. The 
samples were allowed at least 5 minutes to equilibrate at the probe 
temperature of 25 °C. After this time, the probe was tuned, shimmed and the 
90-degree pulse measured. Utilizing the new pulse information several short 
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proton spectra with a 2 second relaxation delay were acquired with different 
pulse angles to assure the spectra would be quantitative. The water 
suppression technique was presaturation. 

1D analysis of polar fractions were run at a frequency of 599.69 MHz and 
temperature of 29 °C due to room cooling difficulties, with a sweep width of 
7200 Hz. The total acquisition time was 45 minutes and 25 seconds with 256 
scans. The non-polar fractions were analyzed at the same frequency and 
sweep width but at 25 °C, 32 scans, and the total acquisition time was 7 
minutes and 46 seconds. 2D spectra including COSY, TOCSY, HSQC, and 
HMBC were acquired for one polar sample and one non-polar sample for 
further identification of the metabolites present. Polar COSY was run for 3 
hours with a sweep width of 7200 Hz and 128 increments, TOCSY was run 
for 3 hours and 30 minutes with a sweep width of 7200 Hz and 256 
increments, HSQC was run for 12 hours and 30 minutes with a sweep width 
of 7200 Hz and 256 increments, and HMBC was run for 21 hours and 30 
minutes with a sweep width of 7200 Hz and 128 transients. Non-polar COSY 
was run for 21 minutes with a sweep width of 7200 Hz and 128 increments, 
TOCSY was run for 2 hours and 30 minutes with a sweet width 7200 Hz and 
256 increments, HSQC was run for 11 hours with a sweep width of 9608 Hz 
and 256 increments, and HMBC was run for 11 hours and 20 minutes with a 
sweep width of 7200 Hz and 256 increments.  

4.4. Data analysis 
NMR data was examined using ACD labs 12.0 1D NMR processor 

(Advanced Chemistry Development, Toronto, Ontario, Canada). The spectral 
processing protocol used included zero-filling each spectrum to 16,000 points 
and Fourier transformation. Automatic phasing and baseline adjustments 
were used with additional adjustments to baseline by hand for polar spectra. 
All spectra were then referenced to the TSP peak at 0 ppm (Hz/MHz). 
Metabolites were identified using the Human Metabolome Database 
(HMDB) and additional literature sources for comparisons. The 2D spectra 
collected verified identifications from HMDB and previous literature. 
Unknown peaks that could not be accurately identified could be 
hypothesized to be aromatic rings through TOCSY and HMBC. The HMBC 
spectra also helped with identifying metabolites with acid groups such as the 
amino acids or lactate. The TOCSY spectra provided clear connections to 
determine α- and β-glucose peaks despite significant overlap on the 1D 
spectra. 
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